Pain is common among older adults and negatively impacts functioning. Sleep disturbances and mood disorders, specifically depression and anxiety, are closely associated with pain in older individuals, but the directionality of these associations remains unclear. In this study, we deconstruct long-term temporal effects of two key insomnia symptoms on incident pain into direct and indirect pathways, with focus on depression and anxiety symptoms, within a nationally representative sample. We utilized 2011-2013 data from the National Health and Aging Trends Study, a longitudinal survey of 2239 community-dwelling Medicare beneficiaries. Participants completed annual in-person interviews with assessments of sleep initiation and maintenance; depression, and anxiety (using the Patient Health Questionnaire-2 [PHQ-2] and the Generalized Anxiety Disorder Scale-2 [GAD-2] respectively); and bothersome pain. Causal mediation analysis was applied to examine direct effects of the two insomnia symptoms at baseline on incident pain, and their indirect effects through depression and anxiety symptoms. Almost one-third of the study participants were 69 years old or younger. A similar proportion reported bothersome pain in 2013. The two baseline insomnia symptoms predicted the development of pain. Adjusted analyses suggested that compared to older adults without the two baseline insomnia symptoms, participants with sleep initiation or maintenance difficulties had 24% (95% confidence interval [CI] 2%,51%) and 28% (95% CI 4%,55%) higher odds of incident pain, respectively. Anxiety symptoms partially mediated the relationship between the insomnia symptoms and incident pain, accounting for up to 17% of the total effect, but depressive symptoms did not. These results suggest that improved sleep or anxiety could reduce the risk for future pain.
Introduction
Pain is exceptionally common among older adults (≥65 years of age), affecting more than half of this population [1] with a farreaching impact. In older adults, physical disability, including inability to independently complete physical tasks of daily living, and slower walking speed, are strongly associated with pain [1] . Older adults who experience pain are prone to falls [2] , and those with pain that interferes with their daily life have an increased risk of all-cause mortality [3] . As the number of older Americans grows exponentially, to an estimated 83.7 million individuals by 2050 [4] , the development of strategies to reduce the impact of pain and its consequences in this population is critical.
Chronic sleep disturbances are also reported by a majority of older adults and may contribute to the development of pain [5] . The proportion of older adults who experience pain and at least one concomitant sleep complaint ranges from 26% to 77% [6, 7] . Further, older adults with chronic pain, in comparison to those without pain, are more likely to report clinically significant insomnia symptoms [8] . Although insomnia and pain are related, the nature of their relationship is complex. Recent studies suggest that sleep disturbances may ultimately predict pain more robustly than pain predicts sleep disturbances [9] [10] [11] [12] [13] [14] . However, prior studies have often involved younger populations [15] , without sufficient generalizability to older adults who have sleep disturbances, pain, and other age-related comorbidities.
Sleep disturbances are also significant prospective predictors of new-onset depression and anxiety in the general population [16, 17] , and anxiety and depression predict pain [18] . The few studies that examined the relationship of depression and anxiety in the context of sleep-pain associations [15] suggested that psychiatric conditions such as depression may mediate the relationship between sleep and pain [19, 20] . Although the exact mechanisms that link sleep, mood, and pain are unknown, the mesolimbic dopamine system is implicated as a possible common pathway [21] . A model outlined by Finan and Smith in a recent review proposes complex, bidirectional relationships between the dopaminergic system and sleep disturbance, pain, and depression [21] . An imbalance between tonic and phasic dopamine (i.e. homeostatic dysregulation) is hypothesized to promote arousal during sleep, inhibit analgesia, and increase symptoms of depression such as anhedonia. In turn, insomnia, stress (a core feature of depression), and pain may further maladaptively remodel the dopaminergic system through feedback [21] . As many aspects of this bidirectional relationship remain unclear, studies that include assessment of mood disorders to elucidate their role in the relationship between sleep and pain are needed [21] . To date, only one prospective study has examined sleep disturbances and mood (i.e. depression and anxiety symptoms) as independent predictors of new onset pain in older adults, but did not investigate the potential role of mood disorders as mediators in the sleep and pain association [12] .
The purpose of the current study was to identify longer-term temporal relationships between sleep disturbances, depression and anxiety symptoms, and pain in older adults. We applied a causal mediation analysis within a large, nationally representative sample of older Americans who were studied across a 3-year period and hypothesized that two key insomnia symptoms reported at baseline (2011) would predict incident pain 2 years later (2013). We also hypothesized that incident depressive and anxiety symptoms, assessed in 2012, would independently mediate the relationship between these insomnia symptoms and incident pain.
Methods

Study population and procedure
All study procedures were approved by the University of Michigan Institutional Review Board (IRBMED).
Data were obtained from the National Health and Aging Trends Study (NHATS), a nationally representative, longitudinal survey of Medicare beneficiaries designed to assess the impact of aging on long-term health, functional, and social outcomes (http://www.nhats.org/). The authors previously used this dataset to study the frequency of obstructive sleep apnea risk, assessment, and treatment in older adults [22] . In the present study, we utilized NHATS data on sleep, pain, mood, and health that were collected between 2011 and 2013. In 2013, NHATS respondents completed 5097 full interviews, corresponding to a response rate of 88%. After exclusion of participants with baseline pain in 2011, the final analytic sample included 2239 respondents, representative through survey weights of 14 988 380 older Americans.
Measures
Exposure: difficulties with sleep initiation and maintenance
Two questions about insomnia were included in the NHATS "health conditions" section. These questions were: "In the last month, (1) how often did it take you more than 30 minutes to fall asleep?" and (2) "on nights when you woke up before you wanted to get up, how often did you have trouble falling back to sleep?". Possible responses for both questions were: "every night (7 nights/week)", "most nights (5-6 nights/week", "some nights (2-4 nights/week", "rarely (<1 night/week"), and "never". Respondents were classified as having difficulty in sleep initiation if they did not fall asleep within 30 minutes at least two to four times a week in the last month. Similarly, respondents were classified as having difficulty in sleep maintenance if they had trouble falling back to sleep, after waking up earlier than planned, at least two to four times per week in the last month. We analyzed sleep data that were collected at baseline (2011).
Mediators: depression and anxiety
The NHATS "health conditions" section included two reliable and validated instruments to screen for depression and anxiety: (1) The Patient Health Questionnaire-2 (PHQ-2), a validated two-item scale with good sensitivity and specificity for depression screening [23] ; and (2) The Generalized Anxiety Disorder Scale-2 (GAD-2) instrument to screen for anxiety [24] . In the PHQ-2 instrument, NHATS respondents were asked: "over the last month, how often have you: (1) had little interest or pleasure in doing things; and (2) felt down, depressed, or hopeless". The GAD-2 tool asked: "over the last month, how often have you: (1) felt nervous, anxious, or on edge; (2) been unable to stop or control worrying?" Possible Likert scale responses were: 0 = "not at all", 1 = "several days", 2 = "more than half the days", 3 = "nearly every day". We used 2012 data in accordance with the PHQ-2 criteria, to classify respondents to have depressive symptoms if their cumulative score for both items was 3 or more [23] . Similarly, NHATS 2012 respondents with a cumulative score of 3 or more for the two GAD-2 items were classified as positive for anxiety symptoms [25] .
Outcome measure: incident pain
The "sensory impairments and symptoms" section of NHATS contained questions about bothersome pain. Respondents were asked, on an annual basis: "in the last month, have you been bothered by pain?" Incident bothersome pain was assigned to NHATS respondents who answered "yes" to this item in 2013. Participants with reported pain at baseline (2011) which could confound future temporal relationships between sleep and incident pain were excluded from the analytic sample.
Potential confounders
Baseline information on sociodemographic and prevalent health conditions that may be associated with symptoms of insomnia, depression, and anxiety, and predict incident pain in NHATS respondents were selected a priori as potential confounders using directed acyclic graphs ( Figure 1 , a and b) and previous literature [26, 27] . Potential confounders included sex, age, race, education, use of a mobility aid (cane, walker or wheelchair), marital or cohabitation status, cardiovascular disease, and diabetes.
Statistical analysis
We conducted bivariate analysis to evaluate baseline predictors of incident pain, captured by NHATS in 2013. In this bivariate analysis, we estimated the proportion of older adults with incident pain, according to sociodemographic and health characteristics and used a modified Poisson regression approach to compute the risk ratios and 95% confidence intervals (CIs) of incident pain by these characteristics. Similar bivariate analyses were carried out between potential confounders and depression or anxiety symptoms data (mediators of interest), collected in 2012. In addition, we examined potential interaction between depression and anxiety with respect to incident pain.
We then performed causal mediation analysis using the "PARAMED" module in Stata 9.4 [28] . This allowed computation of total and direct effects of two insomnia symptoms and incident pain, in addition to their indirect effects through the pathways of depression or anxiety symptoms. We specified logistic regression models to account for the dichotomous outcome (incident pain), and dichotomous mediators (depression or anxiety symptoms, in separate models). In adjusted analyses, we included all potential confounders on the pathways between exposure-outcome, exposure-mediator, and mediator-outcome ( Figure 1, a and b) . These adjusted models did not include anxiety or depression at baseline (2011) because the insomnia symptoms and mood disorders were measured concurrently and as insomnia symptoms have been shown to precede mood disorders. For each model, we calculated the total, direct, and indirect effects and the bootstrapped 95% CI for those effects. If the indirect effects were statistically significant at p < 0.05, we also computed the proportion of the total effect that was mediated by depression or anxiety symptoms [29, 30] . Finally, we tested for the presence of an interaction between the two insomnia symptoms and anxiety symptoms, or between the two insomnia symptoms and depression symptoms, in relation to incident pain. As there was no evidence of significant interaction we used the module's "nointeraction" option throughout our analyses. In all analyses, we incorporated survey weights to account for differential selection probabilities and adjust for potential non-response bias.
Finally, to explore potential confounding effects of baseline anxiety and depression on associations between sleep and subsequent mental health markers, we conducted sensitivity analyses in which we adjusted for anxiety and depression at baseline. We did not use this as our primary adjustment strategy as temporality could not be established (baseline sleep, anxiety, and depression were measured simultaneously).
Results
Approximately half of the sample was between the ages of 65 to 74 years, the majority were of white race/ethnicity, and half were female (Table 1) . Approximately one-third of NHATS respondents, representing 4.7 million older Americans, reported incident pain in 2013. Bivariate models suggested that women, and those with cardiovascular disease, diabetes, hypertension, and limited mobility at baseline, were more likely to develop incident bothersome pain in 2013 (Table 1) . With relation to pain, we did not find a significant interaction between depression and anxiety (p = 0.3). In 2011, the insomnia symptoms of difficulty with sleep initiation or maintenance were reported by one-third of NHATS respondents. In 2012, depressive symptoms and anxiety symptoms were prevalent among 8% and 14% of NHATS participants, accounting for 1.1 and 2 million older Americans, respectively. Women, African-Americans, participants who were single, older and without college education, and those with cardiovascular morbidity and limited mobility were more likely to report depression and anxiety symptoms ( Table 2) .
After controlling for sociodemographic characteristics and comorbidities, the direct effects at baseline of the two insomnia symptoms on incident pain were attenuated, although remained significant (Table 3) . These results remained unchanged after additional adjustment for self-report health status. In adjusted analysis with depressive symptoms as a mediator, difficulty with sleep initiation and sleep maintenance at baseline predicted a 24% and a 28% increased odds of incident pain, respectively, but depressive symptoms did not mediate these effects. Similarly, in adjusted analysis with anxiety symptoms as a mediator, those who experienced difficulties with sleep initiation or sleep maintenance at baseline had an increased likelihood of 22% and 25% to develop pain, respectively. However, anxiety symptoms significantly mediated the pathway between sleep initiation and incident pain, and the pathway between sleep maintenance and incident pain, accounting respectively for 17% and 15% of the total effects (Table 3) .
Discussion
This longitudinal, prospective, and nationally representative study shows that about one-third of older Americans experience at least one of two key insomnia symptoms, that in turn confer increased risk for new bothersome pain 2 years later. Depression was not found to mediate this relationship. However, a significant, indirect effect-through anxiety symptoms-accounted for 17% of the total effect of sleep initiation difficulty on incident bothersome pain, and 15% of the total effect of sleep maintenance difficulty on incident bothersome pain. These findings raise the possibility that two common insomnia symptoms, which are highly prevalent in older age, could contribute to the future experience of pain both directly and indirectly, through the pathway of anxiety. The prevalence of pain and its impact on physical performance and function have previously been investigated on a cross-sectional basis within the NHATS population [31] . However, neither sleep disturbances nor anxiety were considered in the context of pain. Longitudinal studies that examined associations between sleep and pain have focused primarily on samples of younger to middle-aged adults. Two recent longitudinal studies showed that sleep problems at baseline were predictive of pain: insomnia predicted incident diagnosis of headache 11 years later [9] ; and women who experienced sleep problems "often or always" vs. "never" at baseline were at a greater risk of incident fibromyalgia 10 years later [10] . In contrast, a 1-year follow-up study found that insomnia at baseline predicted the persistence of pain, but not incident pain [11] .
Depression and anxiety may be particularly relevant to older adults, as these conditions are commonly comorbid with insomnia [32, 33] and pain [34, 35] in this population. Interestingly, our hypothesis that both depression and anxiety would mediate the relationship between sleep disturbances and pain was partially supported, as anxiety but not depression was shown to mediate this relationship. Associations between sleep, anxiety, and depression, outside of the context of pain, may be different among younger adults than in older adults. A recent populationbased study of more than 2000 older adults found that anxiety was associated with many self-reported sleep complaints, whereas depression was associated only with the reported use of sleep medication. Thus, the sleep problems may be less salient for depression in older adults [36] . Our findings are largely consistent with previous reports about the influence of depression or anxiety on the sleep-pain association. Findings of studies that have examined the influence of depression alone have been mixed. A 6-year longitudinal study of 18-to 65-year-old adults showed that depression symptoms partially mediated the relationship between insomnia, short sleep duration and the development of chronic musculoskeletal pain [19] . Notably, several other studies suggest that sleep and pain are directly related, independent of depression. For example, a study of adult psychiatric patients with depression found that the sleep-pain relationship was not diminished by treatment of depression [37] , and several studies showed a persistent relationship between sleep disturbances and pain after controlling for depression [38, 39] . Our finding that anxiety, but not depression, is more closely linked in the sleep-pain relationship is also further supported by the few studies that have considered the roles of anxiety and depression separately in the context of the sleep-pain relationship, wherein anxiety emerged a stronger contributor than depression, although these studies were not focused on older adults [37, 40] . Moreover, to our knowledge, only one other longitudinal study has examined depression, anxiety, and sleep as independent predictors of new-onset pain in a community-based sample of 4000 older adults in the United Kingdom. Consistent with our results, anxiety and non-restorative sleep predicted the new-onset of widespread pain, but depression did not [12] . Mechanisms by which anxiety, but not depression, could mediate the relationship between sleep disturbances and the development of new-onset pain in older adults are speculative. The pathophysiological underpinnings of chronic insomnia offer one possible explanation for why anxiety may be more critical to the sleep-pain relationship than depression. An initial acute period of sleep disturbance may lead to the development of hyperarousal (defined as increased somatic, cognitive, and cortical activation) [41, 42] . This activation can manifest in several ways, including, but not limited to, physiological hyperarousal (e.g. increased high-frequency electroencephalographic activity during sleep, enhanced processing of sensory information, increased muscle tension) and cognitive hyperarousal (e.g. increased worry, rumination, catastrophic thinking) [41] . Many of these manifestations (e.g. increased muscle tension, vigilance, worry, ruminative and catastrophic thinking) are core features of anxiety. In turn, aspects of physiological hyperarousal, such as heightened processing of somatosensory information, and increased muscle tension, could cause, or increase sensitivity to, pain. Indeed, within the theoretical framework proposed by Finan and Smith [21] , dopamine serves to both initiate and maintain arousal, which is inherent in both insomnia and anxiety. Thus, dysregulation of the dopaminergic system could trigger insomnia and anxiety; over time, feedback to the system may lead to remodeling of dopaminergic receptor function such that vulnerability to pain is increased via diminished analgesia. More research, particularly using longitudinal designs, is necessary to fully disentangle relationships between sleep, anxiety, and pain in older adults, and to confirm anxiety as a more robust contributor relative to depression in the sleep-pain relationship in this population.
As insomnia is a treatable condition, efforts to understand its relationship to pain-through direct or indirect pathways-could offer new avenues to treat or prevent pain in older adults using sleep-based approaches. Indeed, cognitive-behavioral therapy for insomnia improves both sleep and pain in older adults with co-morbid chronic pain (osteoarthritis) and insomnia [43, 44] .
This study has several strengths. First, we used a nationally representative sample of older Americans who were followed longitudinally with a high response rate (88%). These comprehensive data include demographic characteristics, daily activities, morbidities and health conditions of older Americans. Second, the analytic strategy employed contemporary causal mediation analysis to examine and quantify: (1) direct effects of two key insomnia symptoms on incident pain; and (2) indirect effects between those insomnia symptoms and incident pain through anxiety and depression symptoms. These analyses allow identification of pathways to incident pain, a prevalent morbidity in older adults. Third, to ensure temporality, we first excluded study participants with baseline pain, then identified positive responses for exposure, mediator, and outcome variables over consecutive years: 2011, 2012, and 2013, respectively. Fourth, we used validated scales for screening of anxiety and depression. These scales have demonstrated good validity and sensitivity in identifying depression [45] and generalized anxiety disorder [24] in older adults. We also acknowledge some limitations. By design, NHATS focuses on community-dwelling adults; those in residential care were excluded. However, census data from 2014 showed that the majority of older Americans (87.6%) remained living in their communities [46] . The self-reported reporting of bothersome pain using a single question may be an additional limitation, but a previous investigation using these data provided evidence of criterion and face validity for this particular question [1] . Similarly, sleep was assessed using two self-report questions about sleep onset and sleep maintenance, as data regarding objective sleep measures captured with polysomnography were not available. Nonetheless, sleep restriction and sleep disruption have been associated with pain in experimental studies [15] . A further concern was the potential bi-directional associations between insomnia and mood disorders. To address this concern, we conducted sensitivity analysis by adding mood disorders at baseline to the adjusted models. While the effect estimates were slightly attenuated, the mediated anxiety pathway persisted. Finally, in some populations, sleep, mood, and pain may fluctuate or exhibit tighter temporal relationships over shorter time intervals, and the annual collection of these data-per the study design-may have resulted in more conservative estimates between these exposures and the outcome. However, we believe that any measurement error is likely random and therefore may attenuate the associations and produce conservative effect estimates.
In summary, these data, which deconstruct the total effect of two key insomnia symptoms on incident pain into direct and indirect pathways within a causal framework, provide new evidence that insomnia could contribute to incident pain in older Americans, and that anxiety symptoms may in part mediate this relationship. Our findings raise the possibility that efforts to improve sleep, reduce anxiety, or accomplish both could serve as strategies to manage pain in older adults.
